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ABSTRACT 
 
Vertical-cavity surface-emitting laser (VCSEL) arrays with three or more emitters 
coherently coupled are the focus of this work. VCSEL arrays have many established applications 
and reliable coherent VCSEL arrays are a next step in their progression. The key innovation of 
this work is individual addressability to each array element, which allows for tuning the elements 
into coherence in photonic crystal ion-implanted VCSEL arrays. The VCSEL array design and 
fabrication are discussed with an emphasis on achieving a high yield of coherent arrays. Ion-
implantation allows individual addressability that enables reliable resonant tuning. In addition, 
individual addressability provides a means for supermode engineering. A simulation model for 
linear leaky-mode VCSEL arrays is developed in order to predict the lasing coherent supermode 
for a specified array structure and relative biasing. The simulation model is verified through 
comparison to experimental results of a three-element linear array. Several array geometries with 
multiple elements are fabricated and are demonstrated to operate coherently in a variety of 
coherent supermode emission patterns. Laser characterization of laser output power, spectra, 
near-field intensity, and far-field emission are included. The conclusion of this work 
demonstrates that controlling the far-field emission through specific coherent bias points within a 
photonic crystal ion-implanted VCSEL array is a viable means for optical mode engineering. 
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CHAPTER 1: INTRODUCTION 
 
Vertical-cavity surface-emitting lasers (VCSELs) integrate all the components of a 
semiconductor laser into one monolithic device that emits perpendicular to the wafer surface. An 
important set of components are the distributed Bragg reflectors (DBRs) which are epitaxially 
grown high reflectivity mirrors tuned to a specific wavelength of operation. A pair of DBR 
mirrors situated an integer number of half wavelengths apart can be highly reflective at all but 
one resonant wavelength which overlaps the laser gain bandwidth. A quantum well gain medium 
can be placed between the DBR mirrors to align with the longitudinal optical standing wave. The 
quantum well can be supplied with carriers by introducing electrically active impurities into each 
DBR and making an overall p-i-n diode junction [1].  
Individual VCSELs have already proven to be a useful technology because of their low-
cost fabrication, circular light output, low-power highly efficient operation, and long lifespan. 
Single VCSELs are already commercially successful with billions deployed for applications in 
optical interconnects and optical sensing. Their infrared emission wavelength is suited to short-
haul applications like data centers and optical mice. More recently VCSELs have been used as 
time-of-flight sensors for spatial mapping, such as used in autonomous vehicle LIDAR. 
Because VCSEL emission is perpendicular to the surface, VCSELs are readily leveraged 
into two-dimensional arrays with minimal added fabrication cost. Combining the light output of 
multiple VCSEL emitters within a monolithic two-dimensional array comes with many 
advantages. The maximum optical power output will increase, which allows for new VCSEL 
applications. VCSEL arrays can be designed for incoherent or coherent operation. Incoherent 
operation is the simple addition of intensity from each array element. Coherent operation arises 
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when the optical fields of neighboring VCSELs are coupled together to form a supermode. 
Coherent VCSEL diode arrays have other unique traits such as high brightness, electronic beam 
steering, and intensity modulation enhancement. Coherently coupled VCSEL arrays thus have 
many motivations, a rich research history, and industrial potential. However, the advantages of 
coherent operation have yet to be commercially realized.  
1.1 Coherent VCSEL Array Motivation 
Two-dimensional VCSEL arrays have recently emerged in numerous applications, 
including facial recognition microsystems in consumer products. In these incoherent VCSEL 
arrays, the array elements operate independently of one another. For coherent VCSEL arrays, 
each element of the array is optically coupled to its neighboring laser, and the resulting emission 
is from array supermodes that are spatially distributed across the entire array [2]. For example, 
two-element VCSEL arrays can operate in-phase where the far-field profile has an on-axis 
maximum, while the out-of-phase mode has a far-field minimum [3]. Hence coherent VCSEL 
arrays can operate in multiple coherent supermodes, based on the array geometry and bias 
conditions. Understanding the modal behavior permits prediction of the near-field mode and 
associated far-field emission, allowing for engineering the output mode [4]. For example, beam 
steering [5] and beam forming will be possible with mode engineering. Optical coupling in 
coherent arrays has been shown to have a dramatic increase on the modulation bandwidth in 2×1 
VCSEL arrays [6].  
Selecting a modal output pattern has use for optical pumping and optical sensing 
applications. Optical pumping requires a narrow spectral linewidth as well as high spatial 
brightness for efficient pumping. Incoherent VCSEL arrays would not result in the same spatial 
or spectral purity achievable with coherent VCSEL arrays. Electronic control of modal output is 
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also relevant for optical scanning systems which currently rely on mechanical control for the 
optics. Independent emitter control in coherent VCSEL arrays enables a choice of output mode 
states dependent on the input bias selections. This idea for optical logic is a relatively unexplored 
application for coherent VCSEL arrays. 
1.2 Prior Examples of Coherent VCSEL Arrays 
There have been several optically coupled VCSEL array structures previously 
demonstrated [2], but they often suffer from low yield of high coherence arrays. For example, 
coherent VCSEL arrays using close-pitch etched pillars [7], a checker-board pattern of phase 
shifting layers [8], cavity resonance modification [9] or regrowth of high index material between 
the elements [10] to create anti-guiding, and patterned reflectivity [11] have all demonstrated 
optical coherence. However, these approaches often rely upon challenging fabrication strategies 
(such as epitaxial regrowth on AlGaAs surfaces) or stringent fabrication tolerance (such as 
nanometer accuracy of an anisotropic etch). Moreover, the VCSEL array structures do not 
always provide in-phase coherent operation if they achieve coherence at all. 
We have developed and demonstrated 2D photonic crystal ion-implanted coherent 
VCSEL arrays, in both top-emitting [12] and substrate-emitting [13] geometries, that exhibit 
leaky mode optical coupling between the elements. The etched photonic crystal pattern of holes 
provides a means of defining a preferred optical mode, while the pattern of un-implanted regions 
defines the array elements. The photonic crystal provides stable index guiding for array elements 
and greater optical loss for higher-order modes [14]. Through proper design of the photonic 
crystal hole pattern, combined with the ion-implanted apertures, an array of lasers is created 
where the lasers are separated by regions of higher index for anti-guiding that enables in-phase 
operation with a narrow on-axis far-field intensity [12]. The ion-implanted apertures can be 
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accessed independently, leading to optically coupled, but electrically isolated VCSEL diode 
arrays. 
Another similarity among the prior coherent arrays is that the elements of the array were 
operated in parallel [2]. With one electric bias the coherence of a properly designed VCSEL 
array is nevertheless left to chance whether or not it will operate coherently. With electrically 
isolated elements in the VCSEL array, the bias can be individually controlled, which in turn 
allows spectral tuning of the element resonance. Spectral shifts in a VCSEL based on current 
injection is well known [1]. Leveraging this feature of VCSELs for each emitter allows for 
tuning each element to spectral overlap and enables coherence across the array. This idea of 
spectral tuning each element to coherence is called resonance tuning [15]. Resonance tuning 
enables reliable tuning to coherence and unlocks the potential for engineered multiple coherent 
modes [16]. 
1.3 Scope of Thesis 
This thesis investigates photonic crystal ion-implanted coherent VCSEL arrays 
possessing three or more elements. The key innovation is to provide individual addressability to 
each array element. Prior investigations of photonic crystal coherent VCSEL arrays have focused 
on two-element coupling [3-6, 12-15]. This work will focus on coupling more than two (i.e. 
multiple) emitters and the necessary challenges to be solved, as well as the first modeling and 
simulation steps toward predictive supermode engineering [16].  
Chapter 2 reports the design and fabrication of easily manufacturable and reliably tunable 
coherent VCSEL arrays. This chapter also outlines the obstacles unique to coherent VCSEL 
arrays and special consideration is given to the photonic crystal pattern for providing the optical 
confinement. Also, a complete fabrication process for photonic crystal ion-implanted VCSEL 
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arrays is outlined with discussion of the critical steps. Chapter 3 presents a method for modeling 
supermode behavior in one-dimensional coherent VCSEL arrays. This simulation allows 
predictive modeling of the near-field and far-field profiles in a linear coherent VCSEL array 
which can be directly compared to experimental measurements. Chapter 4 reports experimental 
results from a variety of coherent VCSEL arrays. Data is shown for both substrate and top-
emitting arrays in several geometries, including 2×2, 3×3, and 4×4 arrays, as well as a 3×1 linear 
array and a six-element ring array. Chapter 5 concludes with a summary and potential future 
work. 
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CHAPTER 2: DESIGN AND FABRICATON OF COHERENT INDIVIDUALLY 
ADDRESSABLE VCSEL ARRAYS 
 
The design and fabrication of coherent VCSEL arrays have unique challenges compared 
to traditional single-element VCSELs and also compared to incoherent VCSEL arrays. 
Individual and incoherent arrays of VCSELs are typically unconcerned with modal control (and 
often seek to promote multi-mode operation) which becomes a critical obstacle to overcome for 
proper design of coherent VCSEL arrays. This chapter discusses these problems and their 
solutions and delves into a specific fabrication processes used to reliably fabricate coherently 
coupled two-dimensional VCSEL arrays. The overarching goal of this VCSEL array structure is 
to promote coherent supermodes arising from optical coupling between three or more elements 
of the array [1]. 
2.1 Coherent VCSEL Array Design 
An important difference when comparing coherent VCSEL arrays with single VCSELs is 
the former must have multiple emitters in close proximity. If the regions of the array where 
optical gain is provided are spatially separated too far apart there is insufficient gain to support a 
coherent supermode. Moreover, in order for the emitters to be coherent, it must be possible for 
neighboring elements to optically couple. Prior VCSEL arrays have relied on evanescent 
coupling between neighboring elements, such that the transverse wavefunction in one cavity has 
sufficient overlap with the other cavity to create supermodes [2, 3]. However, the evanescently 
coupled elements were operated in parallel (effectively using a single gain region) and were 
coherent only at a specific bias point [4]. 
An important innovation of our coherent VCSEL array structure is individual addressing 
of all elements of the array [5]. This is made possible by adding isolated current apertures 
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through ion-implantation around each array element which provides greater control to how an 
array is electrically biased and makes coherent operation tenable [6]. These implant-defined 
VCSEL arrays rely on leaky-mode coupling for coherence by sharing light between elements 
through propagating fields instead of evanescent tails [7]. Current flowing through each VCSEL 
emitter lowers the index of refraction, meaning a higher index exists between elements creating 
anti-guided confinement [7]. The suppressed index derives from the current injected into each 
emitter, meaning electrical isolation between elements is crucial. In order to promote coherent 
modes, additional modal control is added through a photonic crystal etched into the upper 
distributed Bragg reflector (DBR) [8]. When properly aligned during fabrication, the variable 
gain control via implantation and independent electrical contacts works in tandem with the 
optical mode control via the photonic crystal pattern resulting in reliable supermode emission 
from the coherent VCSEL arrays. 
The distance between optically coupled emitters in the VCSEL array has implications on 
the emission physics, similar to phased antenna array theory [9, 10]. Increased physical 
separation between the elements produces a supermode with less divergent far-field lobes with a 
reduced maximum steering angle. To maximize the beam steering angle, the element spacing 
should be as small as fabrication tolerances allows. For our arrays with emission wavelength 
nominally set at 850 nm, and the smallest separation between elements of the array that we can 
achieve is approximately 2 microns, which is the minimum distance we have found necessary for 
electrical isolation using ion-implantation defined by contact optical lithography, as discussed in 
Section 2.3. 
An oxidation aperture or mesa etch for electric current confinement [11] is not practical 
because of the close geometry of multiple elements subject to transverse optical coupling. This 
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implies that ion-implantation is the method of choice for electrical isolation. To ensure electrical 
isolation, several implantations are performed (using the same implant mask) with differing 
implant species and acceleration energy. For example, 300 keV protons have a projected range of 
approximately 2.5 µm into a typical DBR mirror [11]. To block this implanted species, a 
photoresist mask of at least 10 µm thick must be used. This in turn practically sets the minimum 
cavity diameter of approximately 5 µm (since this is the minimum diameter that can be achieved 
in the MNTL cleanroom for a 10-12 µm tall photoresist pillar used to block 300 keV protons). 
The definition of the top metal contacts is also nontrivial in coherent arrays, due to the need for 
individual contacts to each element and the limited real-estate surrounding the arrays. This 
challenge is unique to our coherent arrays since incoherent arrays are typically driven in parallel 
with a common electric bias. The innovation of individual addressability enables dynamic 
resonance tuning to engineer the array coherence [5]. 
2.2 Photonic Crystal Confinement Design 
Optical mode confinement is an essential aspect of semiconductor laser design and a key 
enabler for coherent VCSEL arrays. Herein this is accomplished with a surface etched periodic 
two-dimensional pattern of holes which are called a photonic crystal. Photonic crystals can be 
used to promote reliable single mode emission in individual VCSELs in a manner similar to 
photonic crystal optical fibers [12]. The photonic crystal pattern is defined and etched through 
the uppermost distributed Bragg reflector mirror of the VCSEL epitaxy. Since the holes of the 
refractive index pattern are parallel to the direction of light propagation in a VCSEL, resonant 
optical scattering producing a photonic bandgap does not occur. Instead, the periodic index 
perturbation etched into a high index bulk material creates an effective index that is lower than 
the bulk index, where the effective index can be engineered through the design (e.g. period and 
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hole diameter) of the photonic crystal [12]. Thus, a missing hole in the photonic crystal pattern 
creates a high index optical cavity surrounded by the lower index region of the photonic crystal. 
Note that the index difference can be exquisitely controlled by the photonic crystal, and 
the periodicity of the pattern does not need to be commensurate with the wavelength of light. 
This latter aspect allows for a relatively large diameter of etched holes, and thus conventional 
optical lithography can be used to define the photonic crystal pattern [13, 14]. To fabricate 
VCSEL arrays, we use multiple missing holes in the photonic crystal pattern to create multiple 
elements of the array in a one-dimensional or two-dimensional pattern [2]. Both hexagonal and 
square photonic crystal patterns were used, depending on the multi-element array geometry. Ion-
implanted current apertures are aligned to overlap the missing holes in the photonic crystal, thus 
defining the VCSEL elements in the array. Figure 2.1 shows the lithographic designs for a 2×2 
array and a six-element ring array, each of which requires different photonic crystal patterns. 
(a) (b)  
Fig. 2.1: Examples of lithographic mask designs for photonic crystal and implant apertures for: 
(a) 2×2 array with square lattice, and (b) six-element ring array with hexagonal lattice [1]. The 
photonic crystal holes are denoted by the red features and implant apertures are light red. 
 
For an individual VCSEL, the photonic crystal pattern can be defined such that the index 
confinement between the cavity and the surrounding photonic crystal only supports the lowest-
order Gaussian mode [15]; in addition, the optical scattering from the photonic crystal partially 
etched through the VCSEL creates excessive loss for higher-order modes [16]. For coherent 
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arrays, we use photonic crystal designs that have been shown to produce single mode VCSELs 
around each array element, and we further adjust the hole pattern near the cavities to promote 
nearest neighbor optical coupling [14]. An obvious example of this is to ensure there is a “gap” 
rather than a hole between nearest neighbors in the array, which often dictates whether square 
(see Fig. 2.1(a)) or hexagonal (see Fig. 2.1(b)) photonic crystal geometries are used. 
2.3 Top-Emitting Ion-Implanted Photonic Crystal Arrays 
In this section the fabrication process for photonic crystal ion-implanted multi-element 
VCSEL arrays are discussed in detail. A cross-sectional view of a 3×1 VCSEL array with a 
photonic crystal and stacked ion-implantation is sketched in Fig. 2.2, and top-view images of 
fabricated photonic crystal ion-implanted VCSEL arrays are shown in Fig. 2.3. One- and two-
dimensional multi-element VCSEL arrays were designed to explore various array element 
coupling and new geometries. The multi-element mask layout design has single emitters, 2×1 
arrays, triangular three-element arrays, 2×2 element arrays (see Fig. 2.1(a)), 4×4 element arrays 
with four electrical contacts, five-element in cross and “L” configurations, six-element ring 
arrays (see Fig. 2.1(b) and Fig. 2.3(b)), and linear 6×1 arrays (see Fig. 2.3(b)).  
 
Fig. 2.2:  Cross-sectional sketch of 3×1 photonic crystal ion-implanted VCSEL array. 
GaAs Cap 
p-type DBR 
Implant 
Polyimide 
               GaAs Substrate 
n-type AlGaAs DBR 
Active Region 
Gold Contact 
Light 
Output 
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(a)  (b)  
Fig. 2.3: Images of a fabricated six-element arrays (a) 6×1 linear array and (b) six-element ring 
array. 
 
The epitaxy used for the coherent VCSEL arrays that are characterized in Chapter 4 
consists of an n-type GaAs substrate with a 35-period n-type DBR bottom mirror and a 27-period 
p-type top mirror. The active region has multiple quantum wells designed for 850 nm 
wavelength emission. A broad area gold contact is deposited on the substrate for the cathode, and 
the top anode contacts are patterned around each array with a separate contact for each element 
of the array (see arrays in Fig. 2.3). A reactive ion etched photonic crystal provides optical 
confinement, while the gain confinement is provided by multi-step “stacked” ion-implantation 
[11]. The VCSEL arrays use a planarization step with polyimide, allowing a fan metal contact. 
The metal contacts are on a uniform pitch so that they can be probed with a single multi-contact 
probe. 
The uppermost epitaxial layers are highly p-doped to ensure low-resistance electrical 
contacts. This creates the possibility for electrical crosstalk between the contact pads of 
neighboring elements of the array. We found in our previous work that electrical isolation is 
critical to separately control the cavity resonances to tune the arrays into coherent operation [6]. 
For prototyping purposes, electrical isolation between the elements can be achieved using an 
anisotropic but shallow focused ion-beam etching (FIBE) [5].  
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Fig. 2.4: Cross-sectional image of FIBE cut through top contact layer for electrical isolation, 
backfilled with platinum for image clarity. 
 
The FIBE etch depth was controlled to be only through the top contact layer 
(approximately 700 nm) in order to minimally perturb the supermode optical mode as illustrated 
in Fig. 2.4. Without using a FIBE, or stacked ion-implantation step, the neighboring array 
elements exhibited 50 Ω resistance between them, whereas after FIBE the electrical resistance 
increased to approximately 70 kΩ or more. With stacked ion-implantation the resistance between 
adjacent contacts is approximately 50 kΩ.  
A complete fabrication process incorporating the special requirements for coherent 
VCSEL arrays is now described [1], while the corresponding process follower is presented in 
Appendix A. The VCSEL array fabrication was done within the Micro and Nanotechnology 
Laboratory (MNTL) cleanroom at the University of Illinois. The array fabrication utilizes five 
photolithographic masks: mesa and photonic crystal, implantation, top-metallization, 
planarization, and fan-metallization. 
First, off-the-shelf VCSEL epitaxy nominally emitting at 850 nm is chosen for multi-
element coherent array fabrication and the samples are cleaved and cleaned. Surface cleans are 
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routinely done throughout processing and consisted of a simple degrease procedure: acetone, 
isopropyl alcohol, and deionized water rinses, with a final isopropyl alcohol rinse and nitrogen 
air-gun dry. 
An approximately 400 nm thick layer of SiO2 is deposited on the top surface using a 
plasma-enhanced chemical vapor deposition (PECVD) reactor. This SiO2 hard mask is used to 
define the photonic crystal pattern that must withstand reactive ion etching (RIE) into the top 
semiconductor surface. The mesa and photonic crystal are defined together on one mask, and 
photolithograph is done with AZ 5214 photoresist and exposed using a Karl Suss manual contact 
aligner. For every photolithography step the photoresist edge bead around the perimeter of the 
sample is exposed and developed before the mask exposure to ensure good contact with the mask 
and a high-resolution pattern transfer. The photoresist is developed with AZ 327 MIF. Any 
residual photoresist undeveloped was cleaned from the surface with an oxygen plasma descum 
after lithography. Figure 2.5 is an image of a sample with a developed photoresist pattern. The 
mesa and photonic crystal pattern are transferred to the oxide hard mask with a dielectric reactive 
ion etch. The etched areas are checked for complete removal via GaAs surface electrical 
conduction before the photoresist mask removal. Figure 2.6 shows a device with a hard mask. 
 
Fig. 2.5: Photoresist on sample surface with the perimeter edge bead removed. 
 
The next step is to define the implant apertures to be aligned to the photonic crystal 
pattern. The stacked ion-implantation requires a thick photoresist to block the ions to create un-
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implanted electrically conducting apertures. A double-spin process using AZ 9260 photoresist is 
used resulting in a photoresist thickness of over 10 microns. The critical dimension between 
apertures was approximately 2 microns, meaning a minimum 5:1 aspect ratio for the implant 
mask feature is necessary. A vertical sidewall geometry of the resist mask arising from the 
double-spin photoresist processing is important for uniform implantation. Alignment of the 
implantation photoresist with the photonic crystal pattern is crucial, because that determines the 
alignment of the electrical and optical confinements. 
 
Fig. 2.6: Example scanning electron microscope (SEM) image of double-spin lithography ion-
implantation mask aligned with oxide hard mask. 
 
After implantation photolithography and development, array images such as evident in 
Fig. 2.6 can be obtained. The samples next are shipped to an outside vendor for ion-implantation. 
A stacked proton implantation with energies ranging from 100 keV to 330 keV is performed 
along with multiple oxygen implants done at 50 keV to 300 keV energy. The heavier oxygen ion 
creates implant damage that can compensate the highly doped top surface of the DBR. The 
stacked implantation is done with a 7° tilt to ensure the ions do not channel through the 
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crystalline epitaxy [11]. The dosage for each implant step is 5×1014 /cm2 for the protons and 
5×1013 /cm2 for the oxygen implantation. The implantation energies are chosen to ensure the ions 
penetrate through the oxide hard mask and into upper DBR, with a maximum projected range of 
one straggle away from the quantum well active region [11]. After implantation and return of the 
samples, the photoresist mask is completely removed. The effects of implantation on the resist 
mask can make it difficult to remove, so repeated 1 kW oxygen plasma descum treatments with 
heated acetone baths and acetone spray are used as necessary. 
Next the mesa and photonic crystal patterns are transferred from the oxide mask to the 
semiconductor epitaxy. A dry etch using an inductively coupled plasma reactive-ion etch (ICP-
RIE) is used for anisotropic etching. The mesa is etched just passed the active region so that 
there is no leakage current to neighboring arrays. In situ laser reflectometry is used to monitor 
the etch depth into the top DBR. (As the different layers are exposed during etching, the surface 
reflectivity changes, which can be monitored by measuring the intensity of a continuous wave 
laser beam reflected off the etched field of the sample [11].) The etch rate is dependent on the 
amount of exposed area, so the smaller photonic crystal holes are not etched as deeply as the 
open exposed field during this step. This is actually an advantage for determination of the 
photonic crystal etch depth. The photonic crystal should be etched through the majority of the 
upper DBR mirror, but not penetrating into the active region. Hence using reflectometry, the etch 
can be monitored and stopped when the active region is exposed in the etched field. In this 
manner we can be assured that the photonic crystal holes are still contained within the upper 
DBR, which is beneficial to minimize scattering losses [16]. Once the mesa and photonic crystal 
are etched, then the SiO2 mask is carefully removed using RIE. It is critical not to over-etch 
because once the oxide is removed additional etching causes ion damage to the emitting facet of 
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the VCSEL [17]. Figure 2.7 shows an image of a ring array after RIE. Notice in the closeup 
image in Fig. 2.7(b), the alternating layers of the DBR mirror can be observed. 
(a)  
(b)  
Fig. 2.7: SEM images of the photonic crystal and mesa patterns dry etched into the epitaxy in a 
(a) six-element ring device and (b) closeup hole view showing DBR sidewalls. 
 
For the arrays studied here, a broad area bottom-side contact is deposited. No 
photolithography is required, however a simple degrease, descum, and surface pretreatment are 
done. Prior to backside substrate metallization, the GaAs surface is treated with an ammonium 
hydroxide and deionized water decant to remove the native oxides before metal deposition. The 
18 
 
bottom n-type contact uses 40 nm of gold-germanium alloy, 20 nm of nickel (diffusion barrier), 
and 150 nm of gold. These metals form an ohmic contact with the GaAs n-doped substrate [11]. 
Top-contact photolithography is done using a two-step lift-off process with LOR 30B and 
AZ 5214 to ensure clean metal liftoff due to intentional mask undercutting with careful 
development. The top-contact alignment to the array elements is also critical because any shifts 
in the top metal overlap with the unimplanted semiconductor can locally change the series 
resistance which will result in fabrication non-uniformity that will exacerbate optical coupling. 
Metallization for the p-doped top-contact uses 15 nm of titanium (for adhesion and diffusion 
barrier) followed by 160 nm of gold. The surface pretreatment ammonium hydroxide and 
deionized water decant is also performed before deposition. After metallization the unwanted 
metal is removed using a lift-off process by soaking in photoresist remover. The top contact is 
annealed at 410 °C for approximately 1 minute. Before continuing processing, simple electrical 
testing is done to confirm there is lasing operation. 
For reliable and easy testing using multiple electrical input signals, the surface is 
planarized to accommodate a continuous row of contact pads. This is done with patterning 
photo-definable polyimide to remove the polymer over each mesa, followed by an oven bake that 
cures and shrinks the polyimide surface to approximately the same height as the top of the 
VCSEL mesa. After planarization, the fan-metal photolithography is performed, and a Ti/Au 
contact is evaporated. A micron thick gold contact is used to fashion robust fan metal pads. 
Images of various fabricated arrays and their associated contact pads are shown in Fig. 2.8. 
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Fig. 2.8: A variety of fabricated photonic crystal ion-implanted array geometries, including 
(starting top left, then clockwise): three-element, 2×2, five-element ring, six-element ring, six-
element linear, and five-element “L” array. 
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CHAPTER 3: THEORY AND SIMULATION OF ANTI-GUIDED ONE-DIMENSIONAL 
VCSEL ARRAYS 
 
A model for predicting the expected output mode from a coherently coupled individually 
addressed VCSEL array is desirable. Therefore, supermode determination in active 
configurations of the array with varying current injected into the two or more array elements is 
necessary. We have developed a computational technique that simulates a suite of possible 
modes for a coupled linear VCSEL array and also determines the lowest threshold array 
supermode for a specified refractive index profile. The varying (real-valued) refractive index 
profile is used to account for varying current injection into the array elements where the 
electronic suppression of the index is taken into account. The simulation parameters use the 
dimensions and geometries of arrays that have been fabricated [1]. 
3.1 Refractive Index Profile and Supermodes 
Several assumptions are made in our model for simulating the supermodes from coherent 
VCSEL arrays. First, we consider only linear coherent arrays, where only one or at most two 
nearest neighbor coupling between elements is necessary. Thus the one-dimensional cold-cavity 
array supermode is determined from the real refractive index profile along the direction of 
coupled elements in the linear array. Since ion-implantation does not change the underlying 
material refractive index [2], variation of the index along the array can arise from the influence 
of the photonic crystal [3], thermal effects, and/or the electronic index suppression from injected 
carriers [4]. Note it is the variation of index along the array that is needed. The background 
photonic crystal and thermal contributions to the index profile are approximately the same for all 
array elements, while the varying current injection will produce index variation along the array. 
As discussed in Chapter 1, it is the electronic suppression in the array elements due to current 
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injection that produces the anti-guiding confinement in the arrays [4]. Hence the influence from 
the photonic crystal lattice and thermal index changes are neglected, while the variation of 
current injection, and thus index suppression is accounted for, and becomes the significant 
contributor to the variation of the array index profile. Therefore, it is important to note that the 
array index profile variation arises because of presence of current injection, so this is a 
calculation of “hot-cavity” modes that only exist when the array is actively biased. Moreover, 
varying current injection across the array will correspond to a varying index profile. 
The baseline value of index along the array is approximated by the effective modal index 
of the longitudinal mode. The effective index value used in Equation (1) is the refractive index 
experienced by the mode propagating though the VCSEL epitaxial structure with propagation 
constant 
b = 𝑘#𝑛%      (1) 
where k0 is the free space wave number, and 𝑛% is the effective index. The VCSEL longitudinal 
intensity profile is shown in Fig. 3.1. The calculated effective index value of this single 
longitudinal mode is used for the regions between array elements and at the edges of the array 
within our model. Perfectly absorbing boundary conditions [5] are used to terminate each end of 
the linear array to account for absorption from the adjacent unpumped VCSEL cavity. Examples 
of possible refractive index profiles arising from a 3×1 array are depicted in Fig. 3.2. Notice our 
model necessarily assumes active operation of the array as noted above but does not directly 
calibrate the induced variation of index to the variation of current. 
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Fig. 3.1:  Longitudinal mode simulation (blue) for background effective index (green). 
(a)   
(b) (c)  
Fig. 3.2: An example 3×1 VCSEL array: (a) three-element subset denoted from six-element 
array, (b) refractive index profile with equal current injection into each element; and (c) index 
profile from injection into three elements with larger center element current injection.   
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(a)  (b)  
Fig. 3.3: Plot of refractive index (black) and intensity profile (red) for: (a) equal current injection 
to all elements, and (b) center element with larger current injection. 
 
We calculate the supermode in the direction across the multiple elements in a manner 
similar to the longitudinal mode calculation [6] as discussed below. Figure 3.3 shows the index 
profile and the calculated supermode intensity (near-field profile) for a three-element array 
example. Note that the higher refractive index in Fig. 3.3 corresponds to the regions separating 
the elements, while the three regions of lower index in Fig. 3.3 correspond to the individual 
VCSEL elements in the linear array with DC current injection. The reduction of index within 
each element is not calculated directly from the current values, rather it is determined by 
comparison of the calculated mode to the observed near-field profiles, as discussed in Chapter 4. 
For variable current injection into the elements of the array, we allow the index suppression in 
each element of our model to vary. Current injection will also influence the imaginary 
component of the refractive index, but we only account for the real part of the index when 
calculating the modes in our model. In the calculations performed, such as evident in Fig. 3.3, 
the anti-guiding electronic suppression from current flowing through the array elements causes a 
maximum change of index of approximately 0.004 [4]. 
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The real index profiles such as shown in Figs. 3.2 and 3.3 are used in the Helmholtz 
equation  
&'()*(,)&,' + 𝑘#/[𝑛/(𝑥) − 𝑛%/]𝑈56(𝑥) = 0    (2) 
to calculate the near-field intensity profile. Here Unf(x) is the electric field profile across the array 
where the refractive index profile n(x) approximates the array’s anti-guiding refractive index 
structure such as shown in Figs. 3.2 and 3.3. The Helmholtz equation parameters can be 
discretized over a grid and solved with the finite difference method [7]. The results are a set of 
eigenvalues n̄, (i.e. the effective supermode index) and associated eigenvectors Unf(x), 
corresponding to theoretical supermodes supported by the index structure. An issue with this 
method is the mode solutions include both amplified and spurious cladding modes. Thus, care is 
required since not all of the calculated eigenvector solutions are realistic based on the anti-guided 
VCSEL array pumping.  
Finally, a Fraunhofer approximation is performed on the near-field profile to calculate the 
far-field profile [8]: 
𝑈66(x	) = 	 9:;<=>?@ 𝑒>;<'=Bx	'C ∫ 𝑈56(𝑥)𝑒>'EF=(x	,)𝑑𝑥HIH    (3) 
Here Uff(x) is the far-field profile, x is the far-field coordinates, z is the propagation distance, and 
k0 and λ correspond to the free space wavelength [8]. The one-dimensional far-field profile is a 
useful tool to evaluate the supermode properties and for matching experimental far-field data, as 
discussed in the Chapter 4. Figure 3.4(b) is an example propagated far-field profile of the 
supermode near-field shown in Fig. 3.4(a).  
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(a)  (b)  
Fig. 3.4: (a) Index of refraction profile for a 3×1 VCSEL array (black) and one possible near-
field mode profile solution (red). (b) Propagated far-field profile of the mode. 
 
3.2 Sorting Supermodes by Effective Index 
Plotted in Fig. 3.5 are the calculated supermode effective indices and corresponding 
supermode profiles shown in the insets for several lowest-order modes of a 3×1 array with equal 
current injection into all of the elements. Notice the fundamental mode, as defined by the mode 
with the largest effective index in Fig. 3.5, exists solely within the anti-guiding (and unpumped) 
regions between the elements. Such a mode is obviously not efficiently pumped and is not 
experimentally observed.  
A simple manner to avoid unphysical modes as well as to account for the spatially 
varying gain is to determine the confinement factor of each supermode. The confinement factor 
is defined as the spatial overlap between the supermode profile and the gain regions (i.e. low 
index regions) in the array. Note this assumes equal gain in each element. Presumably 
supermodes with the largest values of confinement will preferentially lase. 
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Fig. 3.5:  3×1 array mode solutions sorted by the largest effective index eigenvalues (the 
associated near-field intensity profiles are shown in the inset). 
 
 
Fig. 3.6:  3×1 array mode solutions sorted by largest confinement factor (the associated near-
field intensity profiles are shown in the inset). 
 
Plotted in Fig. 3.6 are the confinement factors for the supermodes shown in Fig. 3.5. This 
new arrangement effectively reveals the expected lowest threshold supermode. This sorting is 
especially useful when multiple modes seem reasonable in an array with the given real index 
profile. The magnitude of the index suppression in an element should correspond to the relative 
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current bias. By varying the bias currents, we can thus preferentially pump particular supermodes 
and thus select the supermode of the array. In Chapter 4 we demonstrate this with a comparison 
of the calculated and experimentally measured modes, under various array bias conditions. 
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CHAPTER 4: EXPERIMENTAL CHARACTERIZATION OF MULTI-ELEMENT 
COHERENT ARRAYS 
 
This chapter reports experimental characterization from several different types of 
coherent photonic crystal VCSEL arrays. The common attribute among the arrays are three or 
more optically coupled elements in the array. The characterization of multi-element substrate-
emitting VCSEL arrays, which were introduced in Chapter 1, are discussed first, followed by 
experimental results from proto-type FIBE isolated top-emitting 2×2 arrays. Motivated by these 
promising performances, top-emitting individually addressable arrays, whose fabrication was 
discussed in Chapter 2, are reviewed next. Specifically, 3×1 linear arrays and six-element ring 
arrays are characterized. Finally, a comparison between the measured supermodes and the model 
simulations introduced in Chapter 3 for linear arrays is presented.  
 
Fig. 4.1: Photograph of testing equipment used for characterization of top-emitting coherent 
VCSEL arrays; the inset shows the multi-element probe tip. 
 
31 
 
The top-emitting VCSEL array characterization was done with the experimental setup 
shown in Fig. 4.1 within the Photonic Device Research Laboratory. A camera, monitor, and 
focusing objective are used to view the top of the sample to align the electrical probe(s) onto the 
VCSEL contact pads. Micromanipulators are used to adjust multiple electrical probes to the top 
contacts of the array elements. One or more probes are necessary depending on the number of 
array elements, and a multi-contact probe was used to investigate the multiple element samples, 
as shown in the inset of Fig. 4.1. The electrical probes are powered by a combination of Keithley 
236 constant current sources (sometimes using a circuit network of resistors driving four or more 
elements in parallel) and/or an HP 4156C Semiconductor Parameter Analyzer (SPA). The laser 
emission is collected by a goniometric radiometer for far-field imaging, illuminated onto a 
silicon photodetector for determining the light’s output power, illuminated onto a CMOS camera 
for near-field intensity imaging, or coupled into an optical fiber connected to a Yokohama 
AQ6370C optical spectrum analyzer (OSA). When the light is transmitted to the near-field 
camera or OSA, the beam is focused through an objective attached to an adjustable stage for 
focusing the image. To limit the light intensity from saturating the CMOS camera, the signal can 
be attenuated by filters with varied optical densities. The SPA, OSA, near-field camera, and 
goniometric radiometer all interface with a Windows computer for automated data collection by 
LabView.  
A variety of measurements are performed with the experimental setup to characterize the 
coherent VCSEL arrays. Using the photodetector and SPA, the current can be varied while the 
applied voltage and output power are measured at each step. This is automated with a LabView 
program to determine the light, current, and voltage (LIV) plot. Many properties of the laser can 
be extracted from the LIV plot, such as the threshold current, turn-on voltage, resistivity, rollover 
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current, maximum power, and slope efficiency. Arrays with multiple contacts, such as segmented 
metal contact arrays, require one or more contacts held at constant bias voltages while another 
contact potential is varied with the SPA for LIV characterization. Using varying current and bias 
produces LIVs that show how the array behaves at various operational points. The OSA is used 
to collect the spectrum of the laser. Laser arrays can exhibit multiple lasing wavelengths, so the 
OSA is useful to align the multiple resonances to overlap spectrally, which is necessary for 
coherent operation [1, 2]. The optical properties typically measured to determine coherent 
supermode operation are imaging the near-field emission pattern and the far-field emission of the 
laser arrays. 
The standard characterization for coherent arrays consists of spectral analysis and near-
field imaging under various bias conditions. Far-field imaging with the goniometer is ideal, but 
for rapid testing an IR phosphor card can be used to observe the far-field spatial emission 
patterns. LIV testing is done to find the operational current range of individual emitters. To 
determine if a laser array is operating coherently, the emission spectra is checked, and the IR 
card is placed in the far-field. A circular and symmetric output reveals incoherent operation (i.e. 
the overlap of multiple incoherent Gaussian profiles), while an interference pattern indicates 
coherent operation. Ideally the “structured” far-field indicating coherent supermode operation is 
accompanied with fringes in the near-field and occurs with a single (likely rather broad) 
resonance peak. 
4.1 Performance of Substrate-Emitting Coherent Arrays 
The substrate-emitting VCSEL arrays reported previously demonstrated coherent 
operation in 2×1 arrays [2, 3]. The characterization of substrate-emitting VCSEL arrays used a 
different setup with a bottom contact plate with a hole for light emission suspended over an 
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optical table so that the emission could be sent to a photodetector, fiber-coupler, imaging camera, 
or a goniometric radiometer [3].  Near-field and far-field measurements using a goniometric 
radiometer were made under continuous-wave operation at room temperature. An important 
distinction of these arrays is that the elements are driven in parallel, but because the top contacts 
are directly over the current apertures, direct current injection into each element is possible. 
Just above the lasing threshold, we observed in-phase operation of 2×2 arrays (7 µm 
current aperture and 11 µm element spacing) and 3×3 arrays (7 µm current aperture and 10.5 µm 
element spacing), as shown in Fig. 4.2 and Fig. 4.3, respectively. As inter-element spacing 
varies, we also observe out-of-phase operation from 2×2, 3×3, and 4×4 (see Fig. 4.4) arrays. An 
in-phase lasing coherent mode has an on-axis far-field maximum as evident in Fig. 4.2(c) and 
Fig. 4.3(c), while the out-of-phase mode as an on-axis null is apparent in Fig. 4.4(b). 
 
(c)  
Fig. 4.2: (a) Normalized near-field intensity profile; (b) normalized far-field intensity profile; and 
(c) far-field intensity taken along a slice of a 2×2 VCSEL array with 7 µm current aperture 
diameter, 11 µm element spacing. 
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(c)  
Fig. 4.3: (a) Normalized near-field intensity profile (camera saturated to show dimmer elements); 
(b) normalized far-field intensity profile; and (c) far-field intensity profile taken along the slice 
of a 3×3 VCSEL array with 7 µm current aperture diameter and 10.5 µm element spacing. 
 
Fig. 4.4: (a) Normalized near-field intensity profile and (b) normalized far-field intensity profile 
of a 4×4 VCSEL array with 6 µm current aperture diameter and 8 µm element spacing. 
 
The far-field of the 2×2 array shown in Figs. 4.2(b) and 4.2(c) has a narrow central lobe 
with 2.3° full width at half maximum (FWHM), which is approximately the diffraction limit. The 
far-field beam divergence of the 3×3 array shown in Fig. 4.3(c) is 3.4°, which is larger than the 
diffraction limit, due to the asymmetry in the intensities of the individual elements (see Fig. 
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4.3(a)). The differences of the sidelobes intensities in Fig. 4.2(c) and 4.3(c) are also related to 
varying degrees of coherence in these arrays [4]. Note that in Fig. 4.3(a) the camera is saturated 
for the brightest elements in order to observe the dimmer elements. Although five out of the nine 
elements are dimmer than the others, inter-element fringes in near-field indicate that the elements 
are in-phase. The spectral width of the emission for the 3×3 array in Fig. 4.3 has a FWHM of 
0.08 nm. All measurements were taken at injection currents just above threshold (13 mA for the 
2×2 array and 24 mA for the 3×3 array).  
The 4×4 bottom-emitting arrays were also observed to operate coherently but only in an 
out-of-phase manner, as seen in Fig. 4.4. The largest in-phase arrays we have found are 3×3 
arrays in the samples we have fabricated. Below threshold we have generally achieved uniform 
current injection, but above threshold small variations between the elements create variation in 
the series resistances, which in turn create significant near-field lasing intensities, such as evident 
in the near-field images of Figs. 4.2(a), 4.3(a), and 4.4(a). Hence uniform bias applied in parallel 
to all of the array elements creates a current divider, and any difference among them introduced 
during epitaxial growth or fabrication will result in differences of the series resistance above the 
lasing threshold, although the current injection is uniform below threshold. This phenomenon 
becomes more severe as the arrays become 4×4 and larger in size and as the current injection 
into the arrays is increased above threshold. For all of the arrays characterized in Figs. 4.2 – 4.4, 
the output power is less than a milliwatt because of the near threshold operation. To overcome 
the injection nonuniformity above threshold, individually addressability for each array element is 
necessary.  
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4.2 Performance of Top-Emitting Coherent Arrays 
To examine coherence in top-emitting 2×2 VCSEL arrays, we first use FIBE [5] as a 
post-fabrication step to create electrical isolation between the array elements after array 
fabrication [2]. The optical performance of the 2×2 array before FIBE isolation is similar to the 
case of the four contact pads connected in parallel with an external current supply. Due to slight 
variations of the series resistance in each element, the current injection into each element varies. 
Specifically, the spectrum at 10 mA total injection current into all elements connected in parallel 
is shown in Fig. 4.5(a), which exhibits four separate spectral peaks, one from each element, 
where each element emits into a Gaussian mode, corresponding to incoherent operation. 
Resonance tuning to coherence is accomplished in a 2×2 VCSEL array using the 
following procedure. Driving the four elements of the array with independent currents, the array 
spectrum is observed and the currents into the elements are varied, until all four elements are 
tuned to the same resonance, creating a single narrow linewidth emission peak, such as shown in 
Fig. 4.5(b). Each element of the array has a current tuning range of approximately 0 mA to 5 
mA, resulting in approximately 2 nm of thermal spectral tuning. We select one element at a time 
and vary the injection current until a coherent bias point is found. The bias point when all 
elements are spectrally resonant produces the coherent out-of-phase far-field shown in Fig. 
4.5(b). The out-of-phase coherent mode is preferred in this array due to the FIBE modification 
producing higher optical loss between the elements and thus encouraging a null in the 
wavefunction between the elements. The unbalanced intensities in the four far-field peaks will 
arise from unintended size variations between the elements, as well as phase differences between 
adjacent elements that are not exactly π-phase separated [6, 7]. 
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(a)  
(b)  
Fig. 4.5: Spectrum of 2×2 top-emitting array and far-field profile when elements are (a) 
connected in parallel with 10.0 mA total injection current; and (b) separately electronically tuned 
to coherence with element currents of (1.67, 1.99, 2.10, 1.84) mA. 
 
When any one of the four elements is spectrally detuned from the condition of Fig. 
4.5(b), coherent operation cannot be achieved. Moreover, multiple sets of bias currents create 
coherent emission, albeit at different resonant wavelengths. Variation of the optical cavity and/or 
series resistance of the elements likely leads to different bias currents into the array elements, 
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and thus coherent operation of our VCSEL arrays can be maintained in presence of fabrication 
imperfections and environmental changes. 
Based on these promising results using individual addressability (created after array 
fabrication) to tune the VCSEL arrays into coherent operation, we fabricated top-emitting 
photonic crystal implanted VCSEL arrays emitting at nominally 850 nm as discussed in Chapter 
2. A variety of array geometries and photonic crystal designs were designed, and an example of a 
linear six-element array is shown in Fig. 4.6. 
 
Fig. 4.6: Image of an individually addressable six-element linear VCSEL array. 
 
The optical properties of a 3×1 array is characterized in Fig. 4.7 using a subset of the 
linear array. Multiple coherent supermodes as a function of the three injection currents are 
evident, as depicted in Fig. 4.7 which shows the lasing spectrum, near-field, and far-field for the 
coherent array. For each bias condition (i.e. the three injection currents) shown in Fig. 4.7, the 
outer two elements were held at a constant bias (2.860 mA and 3.397 mA), while the inner 
element was varied from 3.2 mA to 7.8 mA. Coherent operation is most obvious from the 
observed structured far-field patterns, where in-phase (on-axis peak) and out-of-phase (on-axis 
null) operation are both observed. Across this current tuning range in Fig. 4.7, the array remained 
coherent with a single peak in the spectrum at approximately 845 nm. 
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 (a)  
(b)  
(c)  
(d)  
Fig. 4.7: Linear 3×1 VCSEL array with varied injected current to the center element: (a) 3.2 mA; 
(b) 3.9 mA; (c) 7.5 mA; and (d) 7.8 mA. At each bias the spectrum (left), near-field profile 
(inset), and far-field emission (right) are shown. 
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Different array supermodes are preferred across this current tuning range, giving rise to 
variation in the far-field patterns. There are many factors that influence the lasing array 
supermode; here we use independent injection into the array elements to control the spatial gain 
of the array. Consider Fig. 4.7(a): when the center element is injected with 3.2 mA, the far-field 
has many lobes, and the near-field has two dominant outer lasing elements with three weak 
fringes between. Even though the center element is pumped with roughly equal current as 
compared to the outer elements, the center element does not show dominant near-field lasing 
from the center of the array (see the inset of Fig. 4.7(a)). 
Holding the outer element bias currents fixed and varying the center element to 3.9 mA 
and 7.5 mA, the near-fields in Fig. 4.7(b) and (c) still maintain two dominant outer lasers but 
now with two weaker fringes in-between. The far-field in Fig. 4.7(b) is out-of-phase at 3.9 mA 
but is in-phase in Fig. 4.7(c) at 7.5 mA. When the middle element is biased at 7.8 mA in Fig. 
4.7(d), three dominant peaks are seen in the near-field along with an obvious in-phase far-field 
mode. The center element has over twice the current as the outer elements in Fig. 4.7(d). One 
potential explanation for this difference between the center and edges is that there is a thermal 
distribution across this linear array, which puts the center element at a different index than the 
outer elements. Therefore, more current is needed in the center to produce a balanced near-field 
and an in-phase far-field. Nevertheless, we find a variety of modes can be controllably produced 
while maintaining single mode operation. The optical model to simulate and predict the array 
modes discussed in Chapter 3 is desirable as a tool for identification and selection of the output 
supermode as discussed in Section 4.3. 
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 (a)  
(b)  
Fig. 4.8: (a) Single VCSEL far-field emission, along with perpendicular cross-sectional profiles. 
(b) Hexagonal VCSEL array far-field operating at a coherent in-phase bias, along with 
perpendicular cross-sectional profiles. 
 
Lastly, we discuss output modes from six-element ring arrays of VCSELs presented in 
Fig. 4.8. The far-field (Gaussian) emission of a single VCSEL on this sample is used as a 
baseline and has a FWHM of 10° as shown in Fig. 4.8(a). A six-element hexagonal array when 
operating coherently in-phase has a FWHM of 2.06° on one axis and 2.81° on the other axis, 
depicted in Fig. 4.8(b). The associated near-field and spectra at this in-phase bias are illustrated 
42 
 
in Fig. 4.9. All six VCSELs in the ring array are emitting at the same wavelength of 844 nm. The 
total power output at this bias point is 1 mW, with 25% of the power in the central lobe. A 
variety of coherent modes are observed, dependent on the bias points, shown in Fig. 4.10. In-
phase supermodes are presented in Fig. 4.10(a) and (b) while an out-of-phase supermode is 
shown in Fig. 4.10(c). 
(a) (b)  
Fig. 4.9: (a) Hexagonal VCSEL array near-field when operating at a coherent bias. (b) 
Hexagonal VCSEL array spectra when operating at a coherent bias. 
 
(a) (b)  (c)  
 
Fig. 4.10: Far-field patterns from six-element hexagonal VCSEL array dependent on the bias: (a) 
a higher-order in-phase coherent mode; (b) a partially coherent mode in-phase mode; and (c) an 
out-of-phase mode. 
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4.3 Comparison of Simulations and Measured Supermodes 
For a 3×1 array, a variety of coherent modes can be observed, dependent on the electric 
bias. In Fig. 4.11 the experimental, simulated, and comparison near-fields are shown for a 
selection of three bias currents injected into the 3×1 array. In Fig. 4.12 the corresponding 
experimental, simulated, and comparison far-fields are given for the same bias currents. Figure 
4.11 simulated supermode profiles (center column) shows the index profiles (black) used to 
calculate modes (red) matching the experimental outputs. The comparison figures overlap the 
one-dimensional profiles from the experimental figures (green) and the simulated modes (red). 
 
Fig. 4.11:  Select bias points for the 3×1 VCSEL array showing near-field image (left), 
corresponding simulation index and supermode (black and red respectively, center), and 
comparison between experimental and simulated mode profile (green and red respectively, 
right). 
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Note that the experimental near-fields saturate the camera in order to clearly see the fringes. The 
saturated level is set to 50% intensity for the comparison figures.  
In order to find the appropriate bias conditions, a parametric variation of the two outer 
elements was done, and the far-field emission was analyzed. In Figs. 4.11 and 4.12, the Bias A 
(~4.0 mA, 0 mA, ~4.0 mA) and Bias B (~5.0 mA, 0 mA, ~5.0 mA) conditions exhibit coherent 
near-field and far-field supermodes.  
 
Fig. 4.12:  Select bias points for the 3×1 VCSEL array showing far-field patterns (left), 
corresponding simulated propagated supermode profiles (center), and comparison between 
experimental and simulated far-field profiles (magenta and blue respectively, right). 
 
Note from Fig. 4.12 that increasing the bias in the outer elements changes the far-field 
from in-phase to out-of-phase. By introducing current into the center element, the coherent mode 
can be further varied. Using Bias C (~4.0 mA, 3.0 mA, ~4.0 mA) produces a bright central near-
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field peak, and a drastically different far-field compared with Bias A. Hence small bias changes 
in the outer elements, or a bias change to the center element, provides a means to significantly 
vary the on-axis intensity from the coherent arrays.  
The comparison columns in Figs. 4.11 and 4.12 demonstrate good agreement between 
experimental and simulated supermodes and between experimental and propogated far-fields. 
This is validation that the simple one-dimensional index model works for modeling coherent 
array supermodes. Furthermode, this demonstrates that modeling the probable lasing supermode 
is now feasible by changing the setup index to correspond with a change in electrical bias when 
also utilizing confinement integral weighting. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 
 Multiple element coherently coupled photonic crystal ion-implanted VCSEL arrays can 
be fabricated using standard semiconductor processing techniques. In particular, ion-
implantation enables individual addressability which allows reliable resonance tuning of nearly 
all arrays. Several new array geometries with multiple elements have been shown to operate 
coherently with resonance tuning, yielding a variety of coherent supermode emission patterns. 
The coherent array supermode behavior can be predicted for linear arrays, accounting for varying 
bias currents to the array elements. Good agreement between the simulation model and 
experimental measurements has been demonstrated. The model finds the most probable 
supermode for a given refractive index profile by accounting for spatially variable gain. The 
good agreement found between the simulation and measurements indicates that the 
“confinement” factor, i.e. the overlap between the supermode and the spatially delineated gain 
regions is a viable means for supermode selection and control. This provides a new photonic-
toolkit for optical mode engineering and is a step toward achieving and controlling large element 
count coherent arrays. 
 There are several avenues for possible future work. The most obvious direction is 
coupling even more elements together. Scaling the array elements is not a straightforward 
problem, because the complexity for finding coherent bias points multiplies with each added 
element. A guide for this would be developing a two-dimensional simulation to predict the input 
currents that achieve the desired coherent mode. The simple linear array model presented herein 
does not predict bias currents for supermodes, but rather the supermodes that arise from bias 
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currents, taking into account the modal gain. For a predictive model, the optical, electrical, and 
thermal aspects of the VCSEL array would need to be more accurately modeled. 
 Another possibility for achieving more coupled elements is to incorporate an automated 
procedure for determining coherent bias points. When a coherent mode is possible, the 
supermode lasing threshold can be lower than incoherent lasing in the individual elements [1]. 
Thus, an identifying optical/electrical “fingerprint” arising from this threshold variation could be 
used to determine the onset of coherence systematically. 
 A separate path for future work is to leverage the supermodes that have been 
demonstrated for specific applications. The unique emission patterns and electronic control can 
be used for an optical switch, where a small electrical input causes a large optical output 
difference via switching between different coherent modes such as observed in the 3×1 arrays in 
Chapter 4. This could enable the fan-out operation in optical logic that could be tied into a larger 
system. The six-element ring arrays have a narrow divergence angle, and they could be used for 
efficient optical pumping gain mediums, or as a high-resolution imaging light source. 
 Finally, the laser mode engineering aspects that have been demonstrated, using refractive 
index profiles and spatially variable gain, could be applied to other semiconductor lasers 
platforms, such as edge-emitting lasers or photonic integrated circuits.  
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APPENDIX A: MULTI-ELEMENT ARRAY PROCESS FOLLOWER 
The process follower used for the photonic crystal ion-implanted coherent VCSEL arrays 
discussed in Chapter 2 is reproduced below. The fabrication occurred within the Micro and 
Nanotechnology Laboratory cleanroom at the University of Illinois. 
 
Sample Name:  
 
Include notes on backside of pages (e.g. for different samples note difference in recipe, 
measured thickness, etc.) 
  
Process Order:  Mesa+PhC (DoC), Stacked Implant Aperture (DoC), Top Contact (DoC), 
[optional: Bottom Contact (CoD)], Planarization (DoC), Fan Metal (CoD)  
 
0. ______Cleave and Clean:     Cleave, take ID photo, degrease (Acetone, IPA,  
DI, IPA) and N2 dry. Note: no identification 
scratch/label on backside, reduces durability 
 
1. ______SiO2 Deposition:     Degrease 
   ~ 4000 Å – Time: ______ min, Rate: ______ Å/min 
    (750 seconds at low dep rate on Trion PECVD) 
   Thickness: ______Å (ellipsometer) 
 
2. ______Mesa + PhC     Degrease 
    Photolithography:     Dehydration bake (110 oC for 5 min) 
        AZ5214 spread (3 s 500 rpm) 
        AZ5214 spin (30 s 4000 rpm) 
   Edge bead removal      
   Bake (110 oC for 45 s) 
   Mask: Coherent Array - Implant / Mesa & PhC - BJT  
(5/13/16) 
   Expose: 27 s (aligner A at 9 mW/cm2) 
   Power: ______W; Time: ______s 
   Develop in AZ327 MIF (~ 40-45 s): _______s 
 
3. ______SiO2 Etch:      O2 plasma descum (250 W for 3 mins) 
        CF4 RIE for > 4000 Å (~ 22 min) 
        Time: _______min  
        Make sure field conducts before proceeding! If  
     not, more etching is required before PR removal. 
   Remove PR mask (Acetone, IPA, DI, IPA) 
   Alpha-step:  _______µm 
 
4. ______Stacked Implant     Degrease 
    Aperture Photolithography:   Dehydration bake (110 oC for 5 min) 
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   NO HMDS spin, double-spin better without it 
   AZ9260 spread (5 s 500 rpm) 
   AZ9260 spin (30 s 4000 rpm) 
   Soft-bake (110 oC for 3 min) 
   AZ9260 spread (5 s 500 rpm) 
   AZ9260 spin (30 s 4000 rpm) 
   Soft-bake (110 oC for 4 min) 
        Edge bead removal (3 min on C, 4 min AZ421K) 
   Mask: Coherent Array - Implant / Mesa & PhC - BJT 
(5/13/16) 
        Expose: 4 min (aligner A at 9 mW/cm2) 
   Power: ______W; Time: ______s 
   Develop in AZ421K (~ 60-65 s): _______s 
   O2 plasma descum (500 W for 5 min) 
   Goal (~9-11 µm) Alpha-step:  _______µm 
   (Optional) UV harden on Aligner A for 10+ min 
 
5. ______Send for Implant:        Kroko Stacked H+ implant, 7° tilt 
protons 330 keV 5×1014 /cm2 
protons 300 keV 5×1014 /cm2 
protons 260 keV 5×1014 /cm2 
protons 210 keV 5×1014 /cm2 
protons 160 keV 5×1014 /cm2 
protons 100 keV 5×1014 /cm2 
oxygen 300 keV 5×1013 /cm2 
oxygen 150 keV 5×1013 /cm2 
oxygen   50 keV 5×1013 /cm2 
 
6. ______Remove Implant PR:    O2 plasma descum (1000 W for 8 min) 
   Boiling acetone (40 °C) / Squirt gun 
   Repeat steps above until sample is clean  
 
7. ______ICP Etch:      Clean ICP-RIE using O2 
   1:1 HCl:DI 1 min, 10 min DI decant (surface 
pretreatment) 
   Use ICP-RIE SiCl4/Ar recipe and reflectometry  
     setup 
        Etch according to required etch depth  
         May require calibration etch of blank piece 
         Stop at GaAs/high signal layer 4 DBR pairs past active 
        Time: _______min (rate: ________Å/min) 
        Alpha-step:  _______µm 
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(Optional Step– For semi-insulating substrates use a bottom contact,  
otherwise do broad-area backside contact and no photolithography) 
8. ______Bottom Contact     Degrease  
     Photolithography:     Dehydration bake (110 °C for 5 min)  
  HMDS spin (30 s 4000 rpm) 
  AZ4330 spread (3 s 500 rpm) 
  AZ4330 spin (30 s 5000 rpm) 
  Bake (95 oC for 90 sec)  
  Edge bead removal – 1.5 min on Aligner C  
  Ensure edges are clear/clean 
   Mask: N/A 
  Expose: 60 sec (aligner A at 9 mW/cm2) 
  Power: ______W; Time: ______s  
  Develop in AZ 400K (~ 60 s): _____s 
 
9. ______Bottom Contact (n):    O2 plasma descum (300 W for 2 min) 
   Dip in 1:10 NH4OH:DI for 20 s 
        DI rinse (10 min) 
        Target:  400 Å Au-Ge / 200 Å Ni / 1500 Å Au 
         Actual:  ____Å Au-Ge / ____Å Ni / _____Å Au 
 
10. ______Metal Liftoff:     Boiling acetone (40 oC) / Squirt gun 
 
11. ______SiO2 Mask Removal:    CF4 RIE for < 4000 Å (~ 15 min) (see color) 
        Check if the mesas conduct  
   Continue etching 2 or 3 min increments until  
     mesas conduct  
   Time: _______min 
 
12. ______Top Contact     Degrease 
      Photolithography:     Dehydration bake (110 oC for 5 min) 
        LOR30B spread (4 s 400 rpm) 
        LOR30B spin (60 s 4000 rpm) 
   Edge bead removal with Remover PG    
   Bake (170 oC for 5 min), clean edges 
   AZ5214 spread (3 s 500 rpm) 
        AZ5214 spin (30 s 4000 rpm) 
   Bake (110 oC for 45 s) 
   Edge bead removal  
   Mask: Coherent Array - Planarization / Top Metal - 
BJT (5/13/16) 
   Expose: 25 s (aligner A at 9 mW/cm2) 
   Power: ______W; Time: ______s 
   Reversal bake (110 oC for 45 s) 
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   Flood exposure 45 s (aligner A at 9 mW/cm2) 
   Develop in AZ 327 MIF (~ 40 s):____s   
   Bake (125 oC for 1 min) 
   Develop in AZ 400K (~1 min):____min 
   Check pattern:  small LOR undercut desired 
 
13. ______Top Contact (p):     O2 plasma descum (300 W for 2 min) 
   Dip in 1:10 NH4OH:DI for 20 s 
   DI rinse (10 min) 
        Target:  150 Å Ti / 1600 Å Au 
         Actual:  ______Å Ti / ______Å Au 
 
14. ______Metal Liftoff:     No acetone, use Remover PG 
 
15. ______Contact Annealing:    410 oC for > 1 min using oxidation furnace 
 
16. ______Test:      Check for lasing and electrical isolation 
   If sufficient electrical isolation, skip steps 17 to 19  
 
(Optional – Shallow Isolation Etch) 
17. ______Implant Aperture     Degrease 
      Photolithography:     Dehydration bake (110 oC for 5 min) 
   HMDS spin (30 s 4000 rpm) 
   AZ5214 spread (3 s 500 rpm) 
   AZ5214 spin (30 s 4000 rpm) 
   Bake (110 oC for 4 min) 
        Edge bead removal  
   Mask: Coherent Array - Implant / Mesa & PhC - BJT 
(5/13/16)  
        Expose: 27 s (aligner A at 9 mW/cm2) 
   Power: ______W; Time: ______s 
   Develop in AZ327 MIF (~ 45 s): _______s 
   O2 plasma descum (300 W for 3 min) 
 
(Optional – Shallow Isolation Etch) 
18. ______Wet Etch:       1:1:100 H2O2:H3PO4:DI 
        Depth target: ________ 
   Time: _______min (rate: ________Å/min) 
        Alpha-step:  _______µm 
        Check for sufficient electrical isolation  
 
(Optional – Shallow Isolation Etch) 
19. ______Remove PR:     Heated ACE / Squirt gun 
   Degrease 
52 
 
20. ______Planarization (PI):     Degrease 
         Dehydration bake (125 °C for 3 min)  
   NMP ramp (250 rpm/sec) 
   NMP spin (60 s 5000 rpm) 
   HD 4104 ramp (300 rpm/sec) 
   HD 4104 spin (60 s 2600 rpm) 
        Edge bead removal with razor blade 
        Backside clean (PA401D swab or NMP swab) 
         Wait for NMP on backside to dry before bake! 
        Bake (90 oC for 100 sec + 100 oC for 100 sec more) 
        Alpha-step edge bead: ________μm 
   Mask: Coherent Array - Planarization / Top Metal 
BJT (5/13/16) 
   Expose: 13 sec (Aligner C, I-line 365 nm at 9 W/cm2) 
         (Dose of 117 mJ/cm2) 
   Wait > 5 min 
        Develop with PA401D: _______s (50 s) 
        Rinse with PA400R: _______s (30 s) 
                                                               Alpha-step: _____ μm (double required height) 
   PI cure on Recipe 3 (PI should shrink down by ~ 50%) 
 (ramp up 5 oC /min – 200 oC soak 30 min) 
 (ramp up  5 oC /min – 365 oC soak 2 hr) 
 (ramp down 10 oC /min – 25 oC) 
                                Alpha-step: Field _____μm, Mesa crown _____μm,  
    Via crown _____μm 
   CF4 RIE: RF 20%, 35mT, 60% O2, 10% CF4 
    (etch rate of 0.16-0.2 μm/min) 
   Time: _____min,  Rate: _____ μm/min 
     (etch until openings are clear)  
   Alpha-step: _____μm 
 
21. ______Fan Metal       Degrease 
      Photolithography:     Dehydration bake (125 °C for 3 min)  
  HMDS spin (10 s 4000 rpm)  
  AZ9260 spread (3 s 500 rpm) 
  AZ9260 spin (30 s 5000 rpm) 
  Bake (110 oC for 4 min 20 s) 
  Edge bead removal – 2 min on C, 1 min AZ421K 
   Mask: Coherent Array - Fan Metal - BJT (8/15/16) 
  Expose: 3 min (aligner A at 9 mW/cm2) 
  Power: ______W; Time: ______s  
  Develop in AZ 421K (~ 60 s): _____s 
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22. ______Fan Metal (p):     O2 plasma descum (500 W for 6 min) 
        DI rinse (10 min) 
        Target:  150 Å Ti / 10000 Å Au 
         Actual:  ______Å Ti / ______Å Au 
 
23. ______Metal Liftoff:     Boiling acetone (40 oC) / Squirt gun 
 
24. ______Test 
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APPENDIX B: MASK LAYOUT (C-BASED L-EDIT SCRIPT) 
 
This appendix is a partial mask layout script used to automate the photonic crystal design 
using L-Edit. The code to design the entire mask is not given due to the length. The example 
shown below indicates how a 6×1 linear VCSEL array is generated. The code snippet is used 
with the L-Edit software to programmatically generate multi-element arrays based on an input 
Excel file (example below) that defines the aperture size and photonic crystal parameters. Similar 
code was used for each array geometry. 
 
void draw_6x1(LFile File_Draw, LCell Cell_Draw, char* PhCType, double SideLength, double b_a, double a, int 
PhC_Rows, double ImplantSize, double b_a_prime, char loss_type, double ImplantSize2, double a_prime) 
{ 
// Setup 
 double b   = b_a * a; 
 LPoint origin; 
 LPoint Rotorigin; 
 LPoint center_offset; 
 origin.x   = 0; 
 origin.y   = 0; 
   LPoint Mesa[4]; 
 LPoint Planarize[4]; 
 LPoint FanMetal[8]; 
 LPoint TopMetal[8]; 
 LPoint RotTopMetal[8]; 
 LPoint RotImplant[4]; 
 LPoint MidMetal[4]; 
 LPoint FanMetalConnect[4]; 
 int PhCcount = 0; 
 LObject PhCs[700]; 
 double SideLength_vert; 
 double implant_overlap = 4000; 
(cell) (Cellname) (array_type) (hexorsquare PhC) (Mesa_SideLength) (b_a) (a) (PhC_Rows) (implant_size)
c 6x1_squarePhC_0.6ba_5a 6x1 square 50 0.6 5 3 0.5
i 6x1_squarePhC_0.6ba_5a 6x1 1 1 6 S 1
c 6x1_squarePhC_0.6ba_6a 6x1 square 50 0.6 6 3 0.5
i 6x1_squarePhC_0.6ba_6a 6x1 2 1 6 S 2
c 6x1_squarePhC_0.6ba_7a 6x1 square 50 0.6 7 3 0.5
i 6x1_squarePhC_0.6ba_7a 6x1 3 1 6 S 3
c 6x1_hexPhC_0.6ba_5a 6x1 hex 50 0.6 5 3 0.25
i 6x1_hexPhC_0.6ba_5a 6x1 1 2 6 H 1
c 6x1_hexPhC_0.6ba_6a 6x1 hex 50 0.6 6 3 0.25
i 6x1_hexPhC_0.6ba_6a 6x1 2 2 6 H 2
c 6x1_hexPhC_0.6ba_7a 6x1 hex 50 0.6 7 3 0.25
i 6x1_hexPhC_0.6ba_7a 6x1 3 2 6 H 3
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 LObject Copy; 
 LObject Mirror; 
 LTransform_Ex99 y_flip; 
 y_flip.translation.x = 0; 
 y_flip.orientation = LRotate180MirrorX; 
 y_flip.magnification.num = 1; 
 y_flip.magnification.denom = 1; 
 
// Dynamic Mesa Size 
 if(strcmp(PhCType, “square”)==0) 
 { 
  SideLength = 2*sqrt(2)*a*(PhC_Rows+1); 
  SideLength_vert = SideLength+5*sqrt(2)*a; 
 } 
 else if(strcmp(PhCType, “hex”)==0) 
 { 
  SideLength = 2*sqrt(3)*a*(floor(PhC_Rows/2)+2); 
  SideLength_vert = SideLength+5*sqrt(3)*a; 
 } 
 
// Variables for PhC 
 int i   = 0; 
 int j   = 0; 
 int z   = 0; 
 int vertices  = 1; 
 double x, dx  = 0; 
 double y, dy  = 0; 
//left most point of Fan Metal Contact 
 double shift_x   = 250000/2; 
//shift points so origin is in corner of cell 
 double shift_y   = (-600000+20000)/2; 
 dx   = 250000-100000; 
 dy   = -300000+10000; //half height of 6 Fan Metals and pitch 
 origin.x   += dx; 
 origin.y   += dy; 
 double vert  = 0; //vertical PhC gap 
 
// PhC 
 { … } // removed because of complexity 
 
// Implants 
 { … } // removed because of complexity 
// Metal layers 
 angle = 0; 
 y_offset = vert/2 + 0*vert; 
 TopMetal[0] = LPoint_Set(dx - SideLength/2 + 4000, dy + 2*a+y_offset); 
 TopMetal[1] = LPoint_Set(dx - 3*a - ImplantSize, dy + 2*a+y_offset); 
 TopMetal[2] = LPoint_Set(dx - 2*a - ImplantSize, dy + ImplantSize+y_offset); 
 TopMetal[3] = LPoint_Set(dx - 0*a - ImplantSize, dy + ImplantSize+y_offset); 
 TopMetal[4] = LPoint_Set(dx - 0*a - ImplantSize, dy - ImplantSize+y_offset); 
 TopMetal[5] = LPoint_Set(dx - 2*a - ImplantSize, dy - ImplantSize+y_offset); 
 TopMetal[6] = LPoint_Set(dx - 3*a - ImplantSize, dy - ImplantSize+y_offset+a/4); 
 TopMetal[7] = LPoint_Set(dx - SideLength/2 + 4000, dy - ImplantSize+y_offset+a/2); 
 Copy = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Top_Metal” ), TopMetal, 8); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Top_Metal” ), TopMetal, 8); 
 Mirror = (Cell_Draw,LLayer_Find ( File_Draw, “Top_Metal” ),Copy); 
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 LObject_Transform_Ex99(Mirror, y_flip); 
 
 shift_y = -200000; 
 FanMetal[0] = LPoint_Set(0,0+shift_y); 
 FanMetal[1] = LPoint_Set(80000, 0+shift_y); 
 FanMetal[2] = LPoint_Set(80000+10000, 20000+dy+y_offset-ImplantSize+2000); 
 FanMetal[3] = LPoint_Set(TopMetal[1].x+a/4, 10000+dy+y_offset-ImplantSize+2000); 
 FanMetal[4] = LPoint_Set(TopMetal[1].x+a/4,dy+y_offset-ImplantSize+2000); 
 FanMetal[6] = LPoint_Set(80000, -80000+shift_y); 
 FanMetal[5] = FanMetal[6]; 
 FanMetal[7] = LPoint_Set(0, -80000+shift_y); 
 Copy = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetal, 8); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetal, 8); 
 Mirror = (Cell_Draw,LLayer_Find ( File_Draw, “Fan_Metal” ),Copy); 
 LObject_Transform_Ex99(Mirror, y_flip); 
 
 angle = 0; 
 y_offset = vert/2 + 1*vert; 
 TopMetal[0] = LPoint_Set(dx - SideLength/2 + 4000, dy + 2*a+y_offset+3*a); 
 TopMetal[1] = LPoint_Set(dx - 3*a - ImplantSize, dy + 2*a+y_offset+3*a); 
 TopMetal[2] = LPoint_Set(dx - 2*a - ImplantSize, dy + 2*a+y_offset+3*a); 
 TopMetal[3] = LPoint_Set(dx - 0*a - ImplantSize, dy + ImplantSize+y_offset); 
 TopMetal[4] = LPoint_Set(dx - 0*a - ImplantSize, dy - ImplantSize+y_offset); 
 TopMetal[5] = LPoint_Set(dx - 1*a - ImplantSize, dy - ImplantSize+y_offset); 
 TopMetal[6] = LPoint_Set(dx - 3*a - ImplantSize, dy - 2*a+y_offset+4*a); 
 TopMetal[7] = LPoint_Set(dx - SideLength/2 + 4000, dy - 2*a+y_offset+4*a); 
 Copy = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Top_Metal” ), TopMetal, 8); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Top_Metal” ), TopMetal, 8); 
 Mirror = (Cell_Draw,LLayer_Find ( File_Draw, “Top_Metal” ),Copy); 
 LObject_Transform_Ex99(Mirror, y_flip); 
 
 shift_y = -100000; 
 FanMetal[0] = LPoint_Set(0,0+shift_y); 
 FanMetal[1] = LPoint_Set(80000, 0+shift_y); 
 FanMetal[2] = LPoint_Set(80000+20000, 5000+shift_y-40000); 
 FanMetal[3] = LPoint_Set(TopMetal[2].x-15000, 5000+shift_y-40000); 
 FanMetal[4] = LPoint_Set(TopMetal[2].x-15000,-5000+shift_y-40000); 
 FanMetal[5] = LPoint_Set(TopMetal[2].x-15000,-80000+shift_y); 
 FanMetal[6] = LPoint_Set(80000, -80000+shift_y); 
 FanMetal[7] = LPoint_Set(0, -80000+shift_y); 
 Copy = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetal, 8); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetal, 8); 
 Mirror = (Cell_Draw,LLayer_Find ( File_Draw, “Fan_Metal” ),Copy); 
 LObject_Transform_Ex99(Mirror, y_flip); 
 
 
 FanMetalConnect[0] = LPoint_Set(FanMetal[3].x,FanMetal[3].y); 
 FanMetalConnect[1] = LPoint_Set(FanMetal[3].x+15000,TopMetal[7].y+a/2); 
 FanMetalConnect[2] = LPoint_Set(FanMetal[3].x-11000+15000,TopMetal[7].y+a/2); 
 FanMetalConnect[3] = LPoint_Set(FanMetal[3].x-11000,FanMetal[3].y); 
 Copy = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetalConnect, 4); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetalConnect, 4); 
 Mirror = (Cell_Draw,LLayer_Find ( File_Draw, “Fan_Metal” ),Copy); 
 LObject_Transform_Ex99(Mirror, y_flip); 
 
 angle = -90; 
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 y_offset = vert/2 + 2*vert; 
 TopMetal[0] = LPoint_Set(dx - SideLength/2 + 4000, dy + 1.5*a+y_offset); 
 TopMetal[1] = LPoint_Set(dx - 3*a - ImplantSize, dy + 1.5*a+y_offset); 
 TopMetal[2] = LPoint_Set(dx - 2*a - ImplantSize, dy + ImplantSize+y_offset); 
 TopMetal[3] = LPoint_Set(dx - 0*a - ImplantSize, dy + ImplantSize+y_offset); 
 TopMetal[4] = LPoint_Set(dx - 0*a - ImplantSize, dy - ImplantSize+y_offset); 
 TopMetal[5] = LPoint_Set(dx - 2*a - ImplantSize, dy - ImplantSize+y_offset); 
 TopMetal[6] = LPoint_Set(dx - 3*a - ImplantSize, dy - 1.5*a+y_offset); 
 TopMetal[7] = LPoint_Set(dx - SideLength/2 + 4000, dy - 1.5*a+y_offset); 
 
 for(i = 0; i<8; i++) 
 { 
  RotTopMetal[i] = LPoint_Set((TopMetal[i].x-dx)*cos(angle*M_PI/180)-(TopMetal[i].y-dy-
y_offset)*sin(angle*M_PI/180)+dx, (TopMetal[i].x-dx)*sin(angle*M_PI/180)+(TopMetal[i].y-dy-
y_offset)*cos(angle*M_PI/180)+dy+y_offset); 
 } 
 Copy = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Top_Metal” ), RotTopMetal, 8); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Top_Metal” ), RotTopMetal, 8); 
 Mirror = (Cell_Draw,LLayer_Find ( File_Draw, “Top_Metal” ),Copy); 
 LObject_Transform_Ex99(Mirror, y_flip); 
 
 shift_y = 0; 
 FanMetal[0] = LPoint_Set(0,0+shift_y); 
 FanMetal[1] = LPoint_Set(80000, 0+shift_y); 
 FanMetal[2] = LPoint_Set(80000+35000, 5000+shift_y-40000); 
 FanMetal[3] = LPoint_Set(dx+5000, 5000+shift_y-40000); 
 FanMetal[4] = LPoint_Set(dx+5000,-5000+shift_y-40000); 
 FanMetal[5] = LPoint_Set(80000+35000,-5000+shift_y-40000); 
 FanMetal[6] = LPoint_Set(80000, -80000+shift_y); 
 FanMetal[7] = LPoint_Set(0, -80000+shift_y); 
 Copy = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetal, 8); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetal, 8); 
 Mirror = (Cell_Draw,LLayer_Find ( File_Draw, “Fan_Metal” ),Copy); 
 LObject_Transform_Ex99(Mirror, y_flip); 
 
 FanMetalConnect[0] = LPoint_Set(FanMetal[3].x,FanMetal[3].y); 
 FanMetalConnect[1] = LPoint_Set(FanMetal[3].x,RotTopMetal[1].y-1000); 
 FanMetalConnect[2] = LPoint_Set(FanMetal[3].x-10000,RotTopMetal[1].y-1000); 
 FanMetalConnect[3] = LPoint_Set(FanMetal[3].x-10000,FanMetal[3].y); 
 Copy = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetalConnect, 4); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Fan_Metal” ), FanMetalConnect, 4); 
 Mirror = (Cell_Draw,LLayer_Find ( File_Draw, “Fan_Metal” ),Copy); 
 LObject_Transform_Ex99(Mirror, y_flip); 
 
// Mesa 
 Mesa[0] = LPoint_Set(-SideLength/2+dx,-SideLength_vert/2+dy); 
 Mesa[1] = LPoint_Set(SideLength/2+dx,-SideLength_vert/2+dy); 
 Mesa[2] = LPoint_Set(SideLength/2+dx,SideLength_vert/2+dy); 
 Mesa[3] = LPoint_Set(-SideLength/2+dx,SideLength_vert/2+dy); 
 LObject Mesas = LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Mesa” ), Mesa, 4); 
 
// Planarization 
 Planarize[0] = LPoint_Set(-SideLength/2+dx+4000,-SideLength_vert/2+dy+4000); 
 Planarize[3] = LPoint_Set(-SideLength/2+dx+4000,SideLength_vert/2+dy-4000); 
 
 // Planarization opening to potential middle contact 
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 Planarize[2] = LPoint_Set(10000+75000+dx,SideLength_vert/2+dy-4000); 
 Planarize[1] = LPoint_Set(10000+75000+dx,-SideLength_vert/2+dy+4000); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Planarization” ), Planarize, 4); 
 
// Middle Contact 
 MidMetal[0] = LPoint_Set(5000+SideLength/2+dx,-SideLength_vert/2+dy); 
 MidMetal[1] = LPoint_Set(5000+SideLength/2+dx,SideLength_vert/2+dy); 
 MidMetal[2] = LPoint_Set(10000+75000+4000+dx,SideLength_vert/2+dy); 
 MidMetal[3] = LPoint_Set(10000+75000+4000+dx,-SideLength_vert/2+dy); 
 LPolygon_New( Cell_Draw, LLayer_Find ( File_Draw, “Mid_Metal” ), MidMetal, 4); 
} 
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APPENDIX C: MODE SIMULATION MATLAB CODE 
 
This code runs includes a setup script matlab “.m” file and two user-defined functions. 
The first function “FDM_1D” calculates and plots the supermodes for a specific index profile. 
The second function “Fraunhoffer1D” calculated the far-field for a given near-field mode. The 
script file allows modifications to define the linear array features. User input variables used 
include “lambda0” for the simulation wavelength, “er_segs” for the permittivity related to the 
index for each segment of the linear array, “w_segs” for the spacing of each segment in the linear 
array, and “active” is used to define what segments of the array should be used in the weighting 
confinement factor mode resorting. 
%Simuation setup.m 
clear all; 
close all; 
  
%v = VideoWriter('index_shifts.mp4','MPEG-4'); 
%v.FrameRate = 8; 
%open(v); 
  
k = 0; 
%for k = 0:120  
  
lambda0 = 850; 
  
del = 0.005; 
delc = 0.000+0.004*k/120; 
del0 = del; %center 
del1 = del0-delc; %edge 
del2 = del0+delc; %edge 
  
er_segs = [(3.4986^2) ((3.4986)^2) (3.4986^2) ((3.4986-del1)^2) (3.4986^2) ((3.4986-del0)^2) (3.4986^2) ((3.4986-
del2)^2) (3.4986^2) ((3.4986)^2) (3.4986^2)]; 
w_segs = [2600 7800 2600 7800 2600 7800 2600 7800 2600 7800 2600]; 
active = [0 0 0 1 0 1 0 1 0 0 0]; 
  
dx = 100; %grid size 
  
fs = 32; 
n_0 = 3.49; 
n_1 = 3.50; 
delta_n = 0.005; 
xmin = -14; 
xmax = 14; 
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ymin = 3.49; 
ymax = 3.50; 
fig_width = 600; 
fig_height = 500; 
sve = 0; 
ext_pngs = 'save_file'; 
  
modes = 100; 
  
displaymode = 0; 
[fig, beta, F, w_x, er, V, D, frame]=FDM_1D(lambda0, er_segs, w_segs, active, dx, displaymode, modes, fs, n_0, 
n_1, delta_n, xmin, xmax, ymin, ymax, fig_width, fig_height, sve, ext_pngs); 
  
%writeVideo(v,frame); 
%close all; 
%end; 
%close(v); 
 
function [Fig1, beta, F, w_x, er, V, D, frame]=FDM_1D(lambda0, er_segs, w_segs, active, dx, displaymode,... 
    modes, fs, n_0, n_1, delta_n, xmin, xmax, ymin, ymax, fig_width, fig_height, sve, ext_pngs); 
  
% free space wave number 
k0 = (2*pi)/lambda0; 
w_tot=0; 
er = zeros(1,0); 
scalefactor = 0.9; 
  
% create array of refractive index as a function of element index 
for ind=1:length(w_segs) 
    er_temp = er_segs(ind)*ones(1,round(w_segs(ind)/dx)); 
    w_tot = w_tot + round(w_segs(ind)/dx); 
    er = [er er_temp]; 
end 
  
% add absorbing BC 
% attenuation profile from Advances in Optics and Photonics 2009 J. Hu, C. Menyuk 
w_ABC = round(15*lambda0/dx)*dx; %width of ABC is 15 lambda 
x_ABC = [dx/2:dx:w_ABC-dx/2]; 
s = 0.01; %controls attenuation strength 
er_leftABC = er(1)*(1-1i*((w_ABC-x_ABC)/w_ABC).^2*s); 
er_rightABC = er(end)*(1-1i*(x_ABC/w_ABC).^2*s); 
er_tot = [er_leftABC er er_rightABC]; 
w_tot_withABC = w_tot + 2*w_ABC/dx; 
active = [0 active 0]; 
w_segs = [w_ABC w_segs w_ABC]; 
w_x=0:dx:w_tot_withABC*dx-dx; 
  
% number of unknowns 
N = length(er_tot); 
  
% off-diagonal constant 
a = (1/dx)^2; 
  
% on-diagonal value 
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b = ((k0^2)*er_tot) - (2/(dx^2)); 
  
% operator matrix 
A = zeros(N,N); 
  
% fill in first row (assume field goes to zero at boundary) 
A(1,1) = b(1); 
A(1,2) = a; 
  
% fill in non-boundary parts of matrix 
for ind=2:(N-1)   
    A(ind, ind-1) = a; 
    A(ind, ind) = b(ind); 
    A(ind, ind+1) = a;    
end 
  
% fill in last row (assume field goes to zero at boundary) 
A(N,N-1) = a; 
A(N,N) = b(N); 
  
A = sparse(A); 
num_modes = modes; 
  
% calculate eigenvalues and eigenvectors 
opts.tol = 1e-30; %eigs convergence tolerance 
%opts.p = num_modes+1+30; %lanczos vectors 
sorting = 'LM'; %lm, la, sm, sa, be, lr, sr, li, si 
[V,D] = eigs(A,num_modes,sorting,opts); 
D=diag(D); 
  
%calculate confinement factor of each mode and sort outputs 
number_modes = length(V(1,:)); 
confinements = zeros(1,number_modes); 
for ind=1:number_modes 
    F = abs(V(:,ind)).^2; 
    active_mode = F; 
    l = 1; 
    for in=1:length(active) 
        inc = round(w_segs(in)/dx); 
        if active(in) == 0; 
            active_mode(l:(l+inc)-1) = 0; 
        end     
        l = l + inc; 
    end 
     
    confinements(ind) = trapz(active_mode)/trapz(F); 
end 
  
D_old = D; 
confinements_old = confinements; 
% sort modes by confinement 
D(isnan(D)) = -Inf; 
[temp,I] = sort(confinements,'descend'); 
V = V(:, I); 
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D = D(I); 
confinements = confinements(I); 
D(isinf(D)) = NaN; 
  
% get propogation constants from eigenvalues 
beta = zeros(1,modes); 
beta_old = zeros(1,modes); 
for ind=1:modes 
    beta(ind) = D(ind)^(1/2); 
    beta_old(ind) = D_old(ind)^(1/2); 
end 
  
% display effective index for desired mode 
neff = beta(displaymode+1)/k0; 
  
nef = beta/k0; 
nef_old = beta_old/k0; 
  
% get near-field for desired mode 
F = abs(V(:,displaymode+1)).^2; 
E = V(:,displaymode+1); 
P = angle(V(:,displaymode+1)); 
  
overlapped = F; 
  
l = 1; 
for ind=1:length(active) 
    inc = round(w_segs(ind)/dx); 
    if active(ind) == 0; 
        overlapped(l:(l+inc)-1) = 0; 
    end     
    l = l + inc; 
end 
  
confinement = trapz(overlapped)/trapz(F); 
  
% calculate far-field 
z = (0.085+0.077); %meters 
lambda=lambda0*(10^-9); %meters 
k = 2*pi/lambda; 
  
% NF and FF GRIDS % 
Nn = length(w_x); 
padding = 2000; 
N=Nn+2*padding; %far-field points 
dx_nf=dx*(10^-9); %meters 
grid_size_nf = N*dx_nf; 
x_nf = (-Nn/2:Nn/2-1).*dx_nf; 
  
dx_ff = lambda*z/grid_size_nf; % lambda*z from Fraunhoffer approx, 1/grid_size from FFT 
  
x_ff = (-N/2:N/2-1).*dx_ff; 
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U_FF = Fraunhoffer1D(padarray(V(:,displaymode+1),[padding 0]), k, z, x_ff, dx_nf); 
angle_x_deg = radtodeg(atan(x_ff/z));         % FF coords as angles 
  
Fig1 = figure; 
subplot(1,2,2); 
%Far-field plot 
xmax=sum(w_segs)/2/1000; 
xmin=-xmax; 
x_max = radtodeg(atan(dx_ff*N/2/z)); 
x_min = -x_max; 
angle_x_deg = radtodeg(atan(x_ff/z));   
  
plot(angle_x_deg, abs(U_FF).^2/max(abs(U_FF).^2),'linewidth',2,'color','b'); 
%{plot formatting} 
subplot(1,2,1); 
  
xmax=sum(w_segs)/2/1000; 
xmin=-xmax; 
x_max = radtodeg(atan(dx_ff*N/2/z)); 
x_min = -x_max; 
  
%Index and Near-field plot 
[AXa,Ha1,Ha2] = plotyy(-w_x(1:length(er_tot))/1000+xmax, sqrt(abs(er_tot)), -w_x(1:length(er_tot))/1000+xmax, 
F/max(F)); 
%{plot formatting} 
  
%make video 
frame = getframe(gcf); 
  
end 
 
function [U_ff] = Fraunhoffer1D(U_ap, k, z, x_ff, dx_nf) 
% Translates Near-Field (U_ap) to Far-Field (U)  
lambda=2*pi/k; 
C=1/(1i*lambda*z)*exp(1i*k*z)*exp(1i*k/(2*z)*((x_ff.').^2)); 
U_ff = C.*ifftshift(fft(fftshift(U_ap)))*dx_nf; 
end 
 
 
 
